Small mammals spend a majority of their lives in shelter sites such as belowground burrows. Understanding temporal patterns of burrow use would provide valuable information about the influence of physiological and environmental factors on activity patterns. To examine patterns of burrow use, we developed a system that automatically monitors activity of deer mice (Peromyscus maniculatus) at artificial burrows in tallgrass prairie. The automatic activity-monitoring system is composed of a passive integrated transponder (PIT)-tag transceiver that reads the identification tags of individuals and an infrared trail monitor that confirms movements in and out of artificial burrows. We PIT-tagged and monitored nightly activity of .90 deer mice on Konza Prairie Biological Station in northeastern Kansas from July 2003 to December 2004. The monitoring system allowed us to examine individual variation in activity relative to sex, parental attendance, and early exploration by young. We also discuss advantages and disadvantages of the system compared to other activity-monitoring techniques, so that researchers might develop similar systems for other study species.
Nest boxes and artificial burrows have been used in population studies of small mammals for many years (Goundie and Vessey 1986; Havelka and Millar 2000; Howard 1949; Kaufman and Kaufman 1989; Lewellen and Vessey 1999; Wolff 1994) . Manual inspection of shelters can provide a snapshot of which individuals are in an area at a given time and elucidate patterns of cohabitation and individual spacing. Further, information on how individuals use their refuges throughout a diel cycle of activity could provide better insights into the behavioral ecology of a species than data collected under laboratory conditions or from livetrapping alone. Although livetrapping can detect time of foraging activity of individuals (e.g., Barry et al. 1989) , the presence of traps and handling of animals likely influence animal movements (Price et al. 1994; Sheppe 1967 ) and activity patterns (Gilbert et al. 1986; O'Farrell 1974) .
Recent advances in technology used to mark free-living small animals have allowed for creative solutions to questions about previously unobservable phenomena. Initially, passive integrated transponder (PIT) tags were used simply to identify individuals (E. Prentice and D. Park, in litt.) . Researchers then began designing systems to recognize tagged individuals and record temporal and spatial data relative to specific individuals without recapturing them. For example, automatic PIT-tag monitoring systems were designed to record use of fish ladders by salmon at hydroelectric dams (Prentice et al. 1990 ). Subsequently, systems have been developed for terrestrial habitats to identify, for example, individual bats at maternity roosts (Neubaum et al. 2005) , birds at nest boxes (Freitag et al. 2001) , tortoises at highway culverts (Boarman et al. 1998) , and geckos on trees (Gruber 2004) . Only 2 automatic monitoring systems have been designed for small mammals previously; 1 recorded activity of prairie voles (Microtus ochrogaster) and meadow voles (M. pennsylvanicus) using aboveground runways (Harper and Batzli 1996) , and the other recorded identities of white-footed mice (Peromyscus leucopus) at experimental foraging trays (Burns 2005) .
Many kinds of small mammals spend the majority of their lives in shelter sites such as belowground burrows. Description and analysis of temporal and spatial patterns of burrow use would provide information that could be used to assess the influence of physiological and environmental factors on activity patterns (Halle and Stenseth 2000) , as well as determine residents of and visitors to the nest. Herein, we describe a system that automatically records the timing of aboveground activity of deer mice (Peromyscus maniculatus) in tallgrass prairie by monitoring when animals leave and return to artificial burrows. This is the 1st study to monitor activity patterns remotely at a burrow, and we highlight ways the system has been used to monitor activity of individuals and groups of deer mice over extended time periods. In addition, we discuss advantages and disadvantages of this automatic activity-monitoring system, so that researchers might develop or adapt similar systems to answer questions in other study species.
MATERIALS AND METHODS
Study site.-The study was conducted on Konza Prairie Biological Station (Konza Prairie), a 3,487-ha tallgrass prairie preserve in northeastern Kansas, near Manhattan (398059N, 968359W). We studied deer mice in 2 adjacent grassland sites, experimental treatment units 2A and 1B. Unit 1B is burned annually in the spring and was burned Artificial burrows.-We installed 20 artificial burrows (Kaufman and Kaufman 1989) , in upland sites or along hillsides. Each artificial burrow had a nest chamber made of large (20.3-cm inside diameter) polyvinyl chloride (PVC) pipe, 3 entrance tunnels of smaller (2.5-cminside-diameter) PVC tubing 20-28 cm in length, as modified by Kaufman and Kaufman (in press) , and a removable lid made of wood, styrofoam, and sheet metal (see Kaufman and Kaufman [1989] for diagram and further information). We also attached a 458 PVC elbow to 1 of the 3 entrance tunnels and attached a 20-cm length of 2.5-cminside-diameter PVC tubing onto it. The configuration created an extended entrance tunnel parallel to the ground surface. Polyester fiberfill was provided in artificial burrows year-round for nesting material. All burrows on the study site were opened to inspect nests for inhabitants (see Kaufman and Kaufman [1989] for procedures) about once per week in spring, summer, and autumn and every 2 weeks in winter.
Trapping methods.-Six traplines were established to sample deer mice. This sampling supplemented weekly manual checking of all artificial burrows and increased the likelihood that all resident deer mice were marked and could be identified by the automatic monitoring system. Trap stations were spaced 15 m apart on each of 6 traplines, which ranged in length from 90 to 210 m. Two large Sherman live traps (7.6 Â 8.9 Â 22.9 cm, H. B. Sherman Traps, Inc., Tallahassee, Florida) were placed at each station. Traps were baited with peanut butter and rolled oats (Kaufman et al. 1988) . Polyester fiberfill was provided in traps for insulation during autumn trapping. We livetrapped small mammals for 2 consecutive nights once per month in summer and autumn.
Marking methods.-Individuals were ear-tagged and PIT-tagged at 1st capture. Young deer mice were PIT-tagged when they attained a body mass of !4.5 g (;7-10 days old) and ear-tagged when the pinnae of their ears had unfolded and they had grown to sufficient size to retain a tag (mass of ;6 g).
We used implantable, glass-encapsulated PIT tags (model TX1400L, Biomark, Inc., Boise, Idaho). PIT tags were injected subcutaneously in the interscapular region of the dorsum. After injection, the PIT tag was located by palpating the dorsum and then was pushed backward and laterally to move it from the site of injection and minimize likelihood of loss through the insertion hole. We did not attempt to PIT-tag individual mice that weighed ,4.5 g because their small body size (;40 mm long) compared to the tag (11 mm long) limited our ability to move the tag away from the injection site.
We also marked deer mice with ear tags to enable tracking of individual identities if PIT tags were lost or malfunctioned. We used size-1, Monel, self-piercing ear tags (style 1005-1, standard stamped, National Band and Tag Co., Newport, Kentucky) to double mark individuals. A single ear tag was applied by using applicator pliers (style 1005s1, National Band and Tag Co.).
Automatic activity-monitoring system.-We used the DestronFearing Portable Transceiver System (model 2001F-ISO, Biomark, Inc.) to read PIT tags of mice entering or exiting the entrance tunnel of a monitored burrow (Fig. 1 ). The transceiver system recorded both the identity of an individual and time of the event (61-s precision) whenever a PIT-tagged individual passed through the electromagnetic field of the ring antenna, which encircled the entrance tunnel. The transceiver had an internal battery that had a life of 6 h of continuous operation. We increased the amount of time for continuous operation of the transceiver by attaching a 12-volt deep-cycle marine battery to the transceiver, thereby providing !96 h of continuous operation and thus ensuring power for trials 96 h under most conditions (exceptions are described below). During a trial early in the study, electrical cords between the antenna and transceiver and the transceiver and external battery were chewed and destroyed by rodents, which resulted in loss of power and the ability to collect data. Subsequently, cords were enclosed in 2-cm-inside-diameter PVC tubes, which prevented destruction of wires.
Voltage levels supplied to the antenna affected the shape and size of the reading field around the ring antenna. Our goal was to read the tags of those mice that passed directly through the ring via the entrance tunnel. At full power (100%), PIT tags could be detected up to 30 cm from the antenna. At this setting, PIT tags of mice were read when they were inactive inside the burrow or when they were active aboveground and passed nearby the entrance tunnel. Because we wanted a more precise location for individual mice, we experimented with a model mouse made of cotton that contained a PIT tag to refine the distance of detection. The model mouse was pulled through a test tunnel outfitted with a ring antenna. After a number of trials at different ''mouse'' speeds and potential tag orientations, we determined that 30% antenna power was the optimal setting. This setting allowed us to detect all mice passing through the entrance tunnel without missing any individuals; therefore, 30% power was used for all subsequent monitoring of artificial burrows. We set the transceiver to read continuously so it could identify multiple individuals passing through the reading field simultaneously. The adjustable time delay between successive readings of the same individual was set to a 5-s delay. Thus, if the same individual remained in the reading field for an extended period (i.e., loitering in the entrance-exit tunnel), the identity of that individual and the time were recorded only once every 5 s. This delay helped reduce excessive records that provided no new information about activity of that specific individual, but still allowed us to detect brief (!6-s) forays from the entrance-exit tunnel into the environment and then back into the tunnel. Memory storage of the PIT-tag transceiver could hold approximately 4,200 events.
Although the PIT-transceiver system detected both presence and identity of an individual in the entrance tunnel, loitering behavior by mice in the tunnel (as detected from recorded events) meant that we could not tell if an individual had exited the tunnel or simply moved to the entrance and returned to the interior nest chamber. Therefore, we further modified the monitoring system and added an active infrared (IR) trail monitor (model TM1550-Bat, TrailMaster, Inc., Lenexa, Kansas) that allowed us to confirm entry or exit movements of an individual at the mouth of the tunnel. This IR system also timestamped each movement event with 1-min precision. This transmitter model was chosen so that we could set the pulse rate (amount of time the IR beam had to be broken to record an event) and intensity, a necessity for use in such a small target species. By using the cotton model mouse, we determined that a pulse-rate setting of 0.012 s was sufficiently sensitive to detect an individual at the mouth of the tunnel. Because mice typically took longer than 0.012 s to navigate the opening, a single passage by a mouse could yield multiple IR records (typically 2-5), which shared the same time stamp. Pulse intensity was set to its low setting, because the transmitter and receiver were within close proximity (;3 cm). The IR receiver was capable of recording up to 1,961 events before onboard memory was filled.
Monitoring activity at artificial burrows.-Manual checking of artificial burrows provided locations of individuals on a given date. When we found deer mice (hereafter, called target mice) in an artificial burrow that we wanted to monitor with the system, we temporarily covered each of the 3 exit tunnels with a PVC end cap. Closing off exits of burrows in which target mice were found allowed us time to finish checking the remaining artificial burrows and ensured that target mice would not escape before the monitoring system could be placed into position. Once all burrows had been inspected, we selected burrows to be monitored, based on goals of the study (i.e., reproductive status, cohabitants, presence of offspring, and number of nights of activity previously recorded for each individual). Seventy-four trials were conducted on a total of 92 different deer mice. Most (57) deer mice were used in only a single trial, but some individuals (17) were monitored in multiple trials.
To set up a monitoring event, the ring antenna was slipped around the aboveground tunnel (Fig. 1) and the antenna was wedged into place by using limestone rocks, which were ubiquitous on the study site. The antenna-transceiver cord then was passed through its protective PVC pipe and connected at both ends. Next, the transceiver was connected to the 12-volt battery. The PIT-tag reader and IR system then were powered up and time-stamp clocks synchronized. The IR receiver and transmitter were placed on either side of the opening of the aboveground entrance tunnel and secured in place by numerous small limestone rocks. A brief set-up period (1 min) was allowed for the receiver to properly acquire the high-intensity IR beam from the transmitter. Finally, we removed the PVC end cap from the aboveground tunnel, and the monitoring system was ready to monitor activity events. Trials began .1 h before sunset and lasted for 24-96 consecutive hours. A single monitoring system was used from July 2003 through mid-June 2004, at which time a 2nd monitoring system was acquired. Thus, we were able to monitor 2 artificial burrows simultaneously for the remainder of the study.
At the conclusion of a monitoring trial, data were downloaded in the field from the PIT-tag transceiver to a notebook computer via a RS232 (serial) connection. This text file output then was read by using terminal emulation software (Terminal 1.3.1, Intensecomp, Pte, Ltd., Singapore; software available at http://www.intensecomp.com/ download.html). Events recorded by the IR system were transcribed manually to paper from the memory log of the receiver. Recorded PIT-tag events with no corresponding IR event indicated either that a mouse had not left the burrow exit or that the mouse was outside the entrance tunnel near the antenna, but had not entered the burrow. These nonmovement events were discarded, leaving only records of external movement activity for each individual during a monitoring trial.
We followed guidelines for use of animals set by the American Society of Mammalogists (Animal Care and Use Committee 1998). Use of animals was approved by the Kansas State University Institutional Animal Care and Use Committee.
RESULTS
The monitoring system allowed us to detect continuous activity of numerous types, including nightly initiation of aboveground activity, number and length of activity bouts, time spent attending the burrow, total duration of activity outside the burrow, and total numbers and identities of tagged individuals visiting a burrow in a night. We highlight some of the variation in activity patterns observed among different individuals at different ambient conditions from July to October, within an individual female caring for young during a 15-day period, and between a female and her offspring during 1 night of activity.
Examples of data collected.-The monitoring system showed that variation occurred between the sexes in initiation and temporal distribution of aboveground activity (Fig. 2) . Males tended to emerge from burrows earlier and make more trips than females. The time at which individuals returned for the last time and total time spent away from the burrow each night appeared similar for each sex. Variation also was detected in activity among individuals within the same sex.
With the monitoring system, we have recorded variation in total amount of aboveground activity and temporal distribution of that activity for a female deer mouse that was caring for growing young (Fig. 3) . These preliminary observations suggest that females modify their activity patterns during the period of parturition and lactation.
The monitoring system also is capable of showing variation in activity between the mother (Fig. 4A ) and her offspring (Figs. 4B-E) . Further, the monitoring system detected variation in the activity patterns of the 4 siblings.
Efficacy of monitoring and data logging.-On average, the 1st night of a monitoring trial yielded 100.5 6 23.9 (1 SE) PIT events. Likewise, IR data logs contained an average of 134.9 6 18.8 events on the 1st night of monitoring. After filtering out loitering events from the PIT record, 20.6 6 3.0 PIT events (20.5%) were retained as valid movements in or out of the burrow.
The onboard memory of the PIT-tag transceiver was filled completely during only 1 trial. In that trial, a juvenile deer mouse spent most of a 7-h period (3,682 consecutive readings) loitering in the tunnel within the reading field of the antenna. The memory on the IR receiver was filled to capacity once, on an afternoon with sustained winds of 33-37 kph and gusts to approximately 50 kph. Although the equipment was anchored in place with rocks, winds of this intensity may have shaken the IR receiver sufficiently to record false events on this single occasion.
DISCUSSION
Types of activities available to small mammals influence their patterns of movements and activity (Kavanau 1962; Yamada et al. 1990) . Therefore, when studies are conducted in the laboratory or in enclosures, attempts must be made to emulate natural habitats to maximize the external validity of results. Laboratory and enclosure studies conducted under controlled conditions certainly can aid in the interpretation of patterns observed under natural conditions, but field studies of activity are necessary to better understand how animals behave in a variable environment (Falls 1968) .
Advantages of the system.-Chronoecological data collected in situ, under natural conditions, should yield data that better reflect the normal behavior (Halle and Stenseth 2000) of small mammals than studies conducted under laboratory conditions (Kavanau 1963 (Kavanau , 1967 (Kavanau , 1969 or in enclosures (Wolfe and Summerlin 1989) where movements of individuals are restricted.
The monitoring system can be used to relate aboveground activity of individuals to their identity, sex, age, and reproductive status, whereas studies that use tracking plates, sand trays, or conductance tapes to index activity can resolve neither the number nor identity of individuals responsible for individual tracks (Bider 1968; Blair 1943; Kotler and Brown 1999; Marten 1973) . Further, the monitoring system provides precise temporal resolution for activity of individuals at a burrow. Studies that use tracking patterns only can resolve the temporal pattern of activity at the level of precision equal to the interval between checking periods of plates, trays, or tapes. For activity patterns as indexed by trapping, precision to the level of minutes or hours requires trap-triggered timers (Barry et al. 1989; Bruseo and Barry 1995) or repeated checking of traps throughout the night (Gilbert et al. 1986; O'Farrell 1974) .
A major benefit of the monitoring system is that it can be used to characterize individual differences in behavior (Coleman and Wilson 1998; Wilson et al. 1994 ). Variation in behaviors among individuals within and between populations (Bell 2005; Bell and Stamps 2004) might help identify correlated behaviors in different contexts (Sih et al. 2004) . These correlations are important because they may lead to trade-offs in different behaviors. Further, these data could allow examination of the developmental stability of individual behaviors and personality types (Bell and Stamps 2004) .
Researchers could use the monitoring system to relate activity patterns of individuals to environmental variables, such as weather (Bright et al. 1996; Marten 1973; O'Farrell 1974) or food availability (Rezende and Bozinovic 2001) . In contrast, studies conducted in sterile laboratory conditions or in seminatural enclosures, where food is provided ad libitum and individuals are protected from predators (Schradin and Pillay 2005) , might yield less ecologically realistic results relative to activity.
Presence of researchers constantly checking traps or traversing a study site to collect radiotelemetry data causes disturbance and likely influences the activity of animals. For example, capture in a trap temporarily restrains mice from their normal activity; subsequently, handling and removing mice from traps could disrupt their behavior and influence their patterns of activity (Sheppe 1967) . Radiotelemetry can yield the general location of an individual, but to determine whether the animal is inside or outside of its burrow requires visual contact. Subsequently, the researcher must visit the burrow in which an animal is resting to confirm its presence and this could have a disruptive impact as well. In addition, both techniques, that is, checking of traps and use of radiotelemetry, are labor intensive. In contrast, the monitoring system runs without disturbance to the animals or input of labor for as long as it is powered by battery or direct electrical connection and onboard memory remains available on the PIT-tag reader and IR receiver. Further, in comparison to use of the monitoring system, use of livetrapping does not allow one to determine when an individual actually becomes active. That is, a captured mouse might have emerged from its burrow and traveled directly to the trap or it might have been active for a considerable period of time before entering the trap. Trapping reveals the temporal pattern of trappability, which does not necessarily correspond to actual times of activity (Halle and Weinert 2000) .
Disadvantages of the monitoring system.-The primary difficulty of incorporating the monitoring system into field research programs for many researchers might be the initial cost of the system components and PIT tags. Currently, the cost of a single monitoring system unit is .US$3,000 (US$2,850 for the PIT-tag transceiver, antenna, and cords; US$410 for the IR system; and US$3.90-5.50/PIT tag, depending on number purchased and vendor). However, initial investment in alternatives, such as radiotelemetry or a large number of live traps, is comparable in cost. In addition, the use of some traditional marking techniques, such as ear tags or toe clipping, are being restricted by some institutional animal care and use committees in favor of the use of PIT tags for individual identifications. We expect the use of PIT tags to increase in the future and, therefore, the application of systems such as the monitoring system would allow researchers to maximize the types of data that could be retrieved each time an animal was detected.
A 2nd disadvantage is that the monitoring system must be installed at a fixed location, in our case, an artificial burrow, during a trial. Once an animal leaves the burrow, we cannot track its behavior without other technology, such as radiotelemetry. However, little is known about the activity patterns of cryptic, nocturnal small mammals at their burrows. In addition, small mammals spend a considerable portion of their lives inside shelter sites, so information regarding use of this important fixed location would prove insightful (Halle and Stenseth 2000) .
Last, the deep-cycle battery used to power the monitoring system for extended time periods was bulky (;23 kg). Battery mass may be a limitation in studies where the site of deployment has limited access. However, mobility of the monitoring system was important in our study and, despite the weight of the battery, allowed us to move the system among artificial burrows at the tallgrass prairie site and to another site in mixed-grass prairie. If a single fixed location was to be used, for instance, in an enclosure study, the monitoring system could be powered for an extended time period by a solar panel or DC electricity source.
Future applications.-The monitoring system we designed has provided insights into facets of behavior of deer mice not previously observed under natural conditions. We have highlighted some specific ways in which the monitoring system can be used to collect data on deer mice in tallgrass prairie. However, the same system could be used to monitor activity of any vertebrate that can be marked with a PIT tag and that uses burrows or nest boxes. On Konza Prairie, we have detected numerous individuals of several species of snakes and amphibians in the artificial burrows, in addition to small mammals, such as white-footed mice, western harvest mice (Reithrodontomys megalotis), Elliot's short-tailed shrews (Blarina hylophaga), and least shrews (Cryptotis parva). It is likely that the monitoring system could be adapted for use in other ecosystems, in concert with artificial burrows or nest boxes modified for the target species. In this way, researchers could expand the understanding of the behavioral ecology of many other species not easily observed by traditional monitoring techniques.
